To investigate quantitatively the relationships between elevated intraocular pressure (IOP), axonal loss, and corneal thickness in the DBA/2 mouse model of glaucoma, to understand better how these factors contribute to disease progression. METHODS. IOP was measured with a handheld tonometer (Tono-Pen; Medtronic Solan, Jacksonville, FL) in 195 to 446 eyes of mice 2 to 10 months of age sampled from a colony of 400 DBA/2 mice. From a group of 24 eyes at 4, 9, and 10 months of age, correlations were determined between the density and number of RGC axons, corneal thickness, and IOP. RESULTS. Mean IOP levels in the colony were 15 to 16 mm Hg at 2 months of age and rose almost linearly at a rate of 0.9 mm Hg/mo before reaching 22 to 23 mm Hg at 10 months. Both the density and number of axons decreased with increasing average lifetime IOP. IOP variation within age groups strongly correlated with density. Age-matched mice with lower mean IOP had greater preservation of axons in the optic nerve. Elevated IOP was accompanied by increased corneal thickness at the limbus. Surprisingly, corneal thickness was a strong predictor of axonal density (r 2 ϭ Ϫ0.75), regardless of age.
levated intraocular pressure (IOP) is a primary risk factor for development of glaucomatous optic neuropathy, 1, 2 which results in a large-scale loss of RGC axons. 3 To understand better the role of IOP in glaucomatous loss of vision, it is important to determine empirically how departures from normal IOP and chronic elevations in IOP correlate with pathologic changes in the optic nerve. It is also important to determine whether other factors in conjunction with IOP also predict the loss of these axons. For patients with glaucoma, good diagnosis through IOP measurement is complicated by many factors, including corneal thickness. When not corrected for, central corneal thickness can significantly affect IOP measurement 4 -7 and can lead to overestimates of IOP and misdiagnosis of ocular hypertension in patients with thicker corneas and underestimates of IOP and misdiagnosis of normal-tension glaucoma in patients in whom the more appropriate diagnosis would be primary open-angle glaucoma (POAG). 4 Central corneal thickness has been identified as a powerful predictor of the development of POAG in patients with ocular hypertension: the thinner the cornea, the greater the risk of POAG. 2 However, in acute primary angle-closure glaucoma (PACG), patients with the thickest corneas often experience the most catastrophic vision impairment. 8 Animal models of glaucoma, such as the DBA/2 mouse, can allow for unequivocal comparison of multiple factors related to the mechanisms of axon loss in glaucoma. In the DBA/2, the development of increased IOP coincides with various histopathological features that indicate disease progression. 9 By 6 months of age, DBA/2 mice exhibit atrophy of the iris-pigment epithelium, corneal opaqueness, pupillary borders thickened with phagocytic macrophages, peripheral anterior synechiae, and ciliary body atrophy. 9, 10 Studies indicate that IOP is significantly raised in DBA/2 mice between 6 and 9 months of age. 9 Correspondingly, ultrastructural evidence of ganglion cell apoptosis has been observed by 6 months, and swollen axons with membrane aggregates appear between 8 and 11 months, when roughly half the DBA/2 mice demonstrate optic nerve atrophy. 11 Finally, significant ganglion cell loss has been documented in mice between 12 and 15 months of age. 12 Because the DBA/2 model mirrors many of the ocular changes observed in human glaucoma, it is a useful system for probing the events related to ganglion cell degeneration. However, despite broadening usage, the significance of IOP in establishing axonal loss and RGC death in the DBA/2 mouse is only qualitatively understood. For example, individual IOP data have not been available for mice in which axon density in the optic nerve is also known. A more quantitative analysis of the DBA/2 phenotype based on longitudinal IOP information should improve the ability to extract mechanistic information from this model. One important step is prospectively choosing mice for experiments based on a specific disease-related parameter such as IOP.
Herein, we describe IOP measurements obtained longitudinally in our colony of DBA/2 mice with a handheld tonometer (Tono-Pen XL; Medtronic Solan; Jacksonville, FL), which has been used successfully to measure IOP in rats 13, 14 and mice. 15, 20 We demonstrate correlations between these measurements, axonal loss, and corneal thickness in individual animals. We found that IOP begins to increase much earlier than has been reported in the DBA/2 mouse, with the occasional young mouse demonstrating elevations. By comparing pathology across animals, we find that the loss of RGC axons in the optic nerve correlates strongly with mean lifetime IOP, so that even small differences in IOP correlate with differences in the number of axons. Of interest is that corneal thickness is a strong predictor of axonal loss, regardless of age, with a threefold increase in thickness correlating to a threefold drop in axon density.
METHODS

Mice
These experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee at the University of Washington. DBA/2 mice were initially obtained from Jackson Laboratories (Bar Harbor, ME) and bred in a specific pathogen-free facility at Harborview Research and Training, University of Washington. Mice were maintained in a 12-hour light-dark cycle with standard rodent chow available ad libitum.
Genotyping
DBA/2 mice have two ocular phenotypes, iris stromal atrophy (ISA) and iris pigment dispersion (IPD), 16 that are caused by mutations in the Tyrp1 and Gpnmb genes, respectively. Tyrp1 (tyrosinase-related protein 1) has two missense mutations that cause amino acid substitutions (Cys110Tyr and Arg326His) and alter protein folding, to yield a nonfunctional protein product. 17 The second missense mutation (nt1151 of the mouse mRNA; GI:13654240) eliminates a restriction site, a situation that allowed us to use PCR to amplify (from genomic DNA) a sequence spanning the restriction site, digest the sequence with BbsI (New England BioLabs, Beverly, MA), and use the resultant bands to distinguish between non-DBA/2 and DBA/2 mice. Gpnmb, (glycoprotein transmembrane nmb), the gene responsible for the IPD phenotype, has a point mutation (C3 T) at nt547 of the mouse mRNA (GI:315429906) that creates a premature stop codon, yielding a truncated protein on translation. 17 The point mutation also inserts a PvuII (New England BioLabs) restriction site in the mRNA 17 which was used to digest a sequence amplified by PCR from genomic DNA, leaving fragments that unambiguously identified DBA/2 mice from non-DBA/2 mice, whose PCR product was left intact. Primers used to amplify a portion of the Tyrp1 gene were 5Ј-GCATTGCTCAGACCTATA-GATATTC-3Ј (forward) and 5Ј-CAAAACACCAATTTTGTTTACTTGC-3Ј (reverse); for the Gpnmb gene, the primers were 5Ј-CCACTGAGCATT-TGGAGACA-3Ј (forward) and 5Ј-TGGATGGAAGAAATGGAGCT-3Ј (reverse).
Genomic DNA was isolated from DBA/2 ear punch tissue using a DNA isolation kit (Puregene D-7000A; Gentra Systems, Minneapolis, MN). One nanogram of genomic DNA was placed in a tube with PCR master mix (Taq DNA polymerase, dNTPs, MgCl 2 and buffers; Promega, Madison, WI), and forward and reverse primers for Tyrp1 or Gpnmb were placed in a thermocycler (40 cycles of 94°C for 1 minute, 55°C for 30 seconds, and 72°C for 30 seconds; model Px2; Thermo Hybaid, Franklin, MA). Restriction digest took place with 10 L of PCR product, 1 U of restriction enzyme, BSA, and 2 L of 10ϫ buffer in a 37°C water bath for 1 hour. Digest products were run on a 2% agarose gel and then photographed. Select DBA/2 mice from the colony maintained in the Horner laboratory were genotyped to ensure that the mice were homozygous for ISA and IPD. 17 The ISA and IPD genotypes were confirmed in every DBA/2 tested. A typical genotyping result is shown in Figure 1 .
Tonometer Measurements of IOP
IOP was measured with the Tono-Pen XL (Medtronic Solan). In adapting to the mouse a portable tonometer developed for humans, we discarded the latex cover protecting the microstrain gauge tip from cross-contamination, to avoid interfering with corneal contact. Each DBA/2 mouse was anesthetized (Avertin, 1.3% tribromoethanol, 0.8% tert-amyl alcohol) and positioned on its side with the eye facing upward and head supported by a stack of sterile gauze. Proparacaine (0.5% proparacaine hydrochloride ophthalmic solution; Bausch & Lomb, Tampa, FL) was applied to the eye before and sometimes during IOP measurement, to maintain corneal moisture, which is vital in obtaining consistent measurements of IOP. Without the latex cover, the tonometer was applanated against the cornea, directly over the anterior chamber, using a quick, short movement. The mouse was positioned such that the force applied during applanation directed the eye straight back into the orbit. Generally, the IOP measurements from one eye were completed in 2 to 3 minutes.
By recommendation (McKinnon S, personal communication, March 2003) 20 tonometer measurements were taken and recorded in each eye. The automatic average IOP measurement generated by the tonometer after three applanations was not included in the recorded measurements. The decision to collect 20 measurements per mouse eye was supported by an analysis of the colony IOP data over 3 months. Using a 95% confidence interval of IOP measurement from the colony, measurements outside the confidence interval were excluded from the IOP average calculated for that eye, and it was found that the new calculated average (having eliminated 1 to 5 measures per eye) did not differ significantly from the original (data not shown). This suggests that 20 measures per eye were statistically powerful, and we chose to continue with that number. The working range of the Tono-Pen is five to 80 mm Hg (Medtronic Solan); therefore, pressures obtained outside this range were discarded. We measured IOP in mice between 2 and 10 months of age, measuring the same mice for as long as possible, and also adding new groups to the cohort as they reached maturity. This process resulted in the following number of eyes being measured per age (months): 2 (n ϭ 195), 3 (n ϭ 446), 4 (n ϭ 412), 5 (n ϭ 401), 6 (n ϭ 357), 7 (n ϭ 336), 8 (n ϭ 332), 9 (n ϭ 269), and 10 (n ϭ 69). For the mice used in our histopathological studies (Table 1) we calculated the average IOP over the months for which we obtained tonometer measurements.
Histopathology
We chose five mice each at 9 and 10 months of age ("old low-IOP" group and "old high-IOP" group, respectively) for correlative studies of IOP and optic nerve pathology. We added two 4-month animals with elevated IOPs for comparison, the "young high-IOP" group. An additional four animals at 4 months of age were chosen to represent a nondiseased state-the "young normal" group-because they demonstrated an absence of any external sign of the disease generally associated with the DBA/2, such as iris atrophy, pigmentary dispersion, or A post hoc analysis supported this choice, since these animals invariably demonstrated thin, intact corneas, high axonal density, and normal myelination in the optic nerve (described later). These 16 DBA/2 mice were euthanatized with 300 mg/kg sodium pentobarbital and then perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH 7.4). From these animals, 24 eyes with optic nerves attached were carefully dissected from the skull. The anterior segment was separated from the posterior eye cup. Both were postfixed for 1 hour in 4% PFA and thoroughly washed in 0.1 M PB. The optic nerves were separated from the eye cups so that the two could be processed separately. The limbic region of the anterior segment and a 2-to 3-mm section of optic nerve proximal to the globe were isolated and prepared for embedding and semithin sectioning as previously described. 18, 19 From these tissues, we measured corneal thickness at the limbus and axonal density in the optic nerve. A summary of the use of these animals and the number of longitudinal IOP measurements for each is included in the following sections.
Axon Counts
To obtain counts of ganglion cell axons, three to four semithin sections each 1-to 2-m-thick were selected from each nerve based on their contrast. Using 100ϫ oil-immersion, differential interference contrast optics, photomicrographs of each section were collected from 20 to 25 random, nonoverlapping positions with a microscope (Provis AX70; Olympus, Melville, NY) equipped with a motorized x-y-z stage and a digital charge-coupled device (CCD) camera. Because the effective magnification through the CCD camera was more than 1000ϫ, we ensured through the high number of photomicrographs and our sampling algorithm that the entire surface area of the nerve was represented in the sample. Each micrograph was contrast-and edge-enhanced by using macro routines written in an image-analysis software package (ImagePro; Media Cybernetics, Silver Spring, MD). An additional routine was used to identify and count each axon for which a myelin sheath could be identified and to calculate the sampling area of the micrograph. We used this information to calculate the axonal density for each micrograph. For each sample of nerve, axon density was calculated as the mean across the random micrographs. We also measured the cross-sectional area of each nerve and used this with axonal density, to estimate the total number of axons.
Statistical Analysis
All data in the text are given as the mean Ϯ SEM, except when indicated otherwise. Error bars in all graphs and histograms represent bidirectional SEM. We used the regression wizard feature of the dataanalysis software (Sigmaplot; SPSS, Inc., Chicago, IL) to find the theoretical curve that best describes mean colony IOP as a function of age and to fit regression lines to the various histologic measures, both by minimizing the sum of squared errors. Correlation coefficients and corresponding probabilities were calculated with the statistical toolbox of another data-analysis program (Excel; Microsoft, Redmond, WA). Statistical comparisons between data sets across multiple independent variable values (e.g., IOP for males versus females) or between multiple groups of animals for a single independent variable were made with one-way analysis of variance (ANOVA).
RESULTS
Significant IOP Increase in the DBA/2 Mouse
We represent in Figure 2A the average Tono-Pen (Medtronic Solan) measurements of IOP in mice in our colony. These data demonstrate IOPs that began at 15 to 16 mm Hg at 2 months of age and rose approximately linearly to 22 to 23 mm Hg at 10 months of age. Although the best-fitting curve to the colony's average IOP over time is a four-parameter sigmoidal with a y-intercept of 14.10 mm Hg, the data are also very well described by a linear regression of slope 0.9 mm Hg/mo. A post hoc test for linear trend is significant (P Ͻ 0.0001), consistent with IOP increasing over time. Although there have been reports of differences in IOP between male and female DBA/2 mice, with females demonstrating accelerated IOP increases, 9 our measurements in Figure 2A indicate statistical identity between males and females, with no systematic tendency for higher IOP for one sex over the other (P ϭ 0.74).
In Figure 2B , the average lifetime IOP of each animal used in our histopathology studies is plotted at the animal's terminal age ( Table 1 ). The IOPs for the entire colony are repeated for comparison. From these data, it is clear that the 9-month mice used in this study tended to have lower than average IOP (18 -21 mm Hg). These mice were intentionally chosen to compare to the mice at 10 months of age, whose IOP spanned a considerable range, both below-and above-average (20 -27 mm Hg). Because the animals in the 9-and 10-month groups were generally only 2 to 4 weeks apart in age, this choice allowed us a wide range of IOP with which to probe for contribution of IOP to disease progression. Indeed, the mean IOP for the 9-(19.4 Ϯ 0.3 mm Hg) and 10-(22.5 Ϯ 0.7 mm Hg)-month-old groups are significantly different (P ϭ 0.001).
The two 4-month-old mice we added for comparison had higher than average IOP for their age (19 -22 mm Hg). As mentioned in the Methods section, to ease description of the findings across these mice, the 4-month-old DBA/2 mice with high IOP will be referred to as "young high-IOP" mice. The 9-and 10-month DBA/2 mice will be referred to as "old low-IOP" and "old high-IOP," respectively, to reflect the distinction of low or high IOP in these mice that were roughly the same age. Figure 2B shows a colony-wide IOP increase of 7 mm Hg from 2 to 10 months of age, a statistically significant increase. There is a range of IOP within each age group. Figure 3A shows the distribution of individual IOP measurements across animals for three pooled age groups: 2 to 4, 5 to 7, and 8 to 10 months. This histogram demonstrates the shift toward higher IOP with age. This shift, given the large sample size, is significant: the ANOVA statistic is 433 (P Ͻ Ͻ 0.001). Even when IOP measurements are compared month-to-month, the differences remain significant (for example, 2 vs. 3 months, P ϭ 0.003; 4 vs. 5 months, P ϭ 0.0002; 6 vs. 7 months, P ϭ 0.001; and 8 vs. 9 months, P ϭ 0.002). The only pair-wise comparison that is not statistically significant is 9 versus 10 months (P ϭ 0.55), but this may be due to the relatively small size of the 10-month sample (see the Methods section). The distributions in Figure  3A also show that, whereas IOP tended to increase in the colony, it did not necessarily do so in every animal. Our colony contained mice with a large range of IOP at each age. For example, although the fraction of eyes with IOP Ͻ15 mm Hg decreased considerably from 2 to 4 months of age, there remained a population (2%-17%) of mice with IOP Ͻ15 mm Hg in the 5-to 10-month-old animals (Fig. 3B, top) . Similarly, whereas the fraction of eyes with IOP Ͼ20 mm Hg increased as expected with age, there was a small fraction (8%-23%), even from the youngest animals (Fig. 3B, bottom) with IOP Ͼ20 mm Hg.
Subtle Changes in Pressure and Axonal Loss in the Optic Nerve
Next, we focused our efforts on correlating IOP with multiple histopathological features of the DBA/2 mouse. We began by asking how axonal loss in the DBA/2 optic nerve varies with differences in mean lifetime IOP, using the DBA/2 mice summarized in Table 1 . Figure 4A shows a cross-section through the nerve of a mouse from the young normal group lacking any external disease features typical of the DBA/2 (see the Methods section). The axons are packed densely (5.4 ϫ 10 5 axons/ mm 2 ), with almost all demonstrating a completely intact myelin sheath. In Figure 4B , the nerve of a young high-IOP animal (mean IOP: 21.60 Ϯ 1.14 mm Hg) shows 35% fewer axons The graph in Figure 5A shows how mean axonal density varied across nerves in the animals used to correlate IOP with histopathology (Table 1) . Optic nerve axon density was approximately 25% less in the old high-IOP animals than in the old low-IOP mice (P ϭ 0.004), and young high-IOP nerves had axon density nearly 40% lower than the old low-IOP nerves (P ϭ 0.001). Despite only a small difference in age, the old high-IOP mice have significantly greater lifetime IOP than the old low-IOP mice. IOP measurements for the young high-IOP mice were significantly greater than IOP for the old low-IOP mice. The IOP relationships among mice correspond to the axon density findings: high IOP indicates lower axon density, regardless of age. The scatterplot in Figure 5B demonstrates that mean lifetime IOP was an excellent predictor of axonal density (r 2 ϭ Ϫ0.72, P Ͻ Ͻ 0.001). Old high-IOP animals tended to have higher IOP than the old low-IOP mice (see also Fig. 2B ) and had accordingly reduced axon density. Even within the old low-IOP and old high-IOP groups, slightly increased mean lifetime IOP resulted in reduced axonal density. The apparent difference in mean axon density between the young high-IOP and old high-IOP groups in Figure 5A was not significant (P ϭ 0.39), nor were their IOPs dramatically different (P ϭ 0.27; Fig.  5B ), despite the 6-month difference in age.
The total number of axons in each optic nerve was estimated using the nerve cross-sectional area and axon density as found in Figure 5 . For this calculation, the mean density calculated from the high-magnification random sampling was assumed to represent a uniform density for each group, which is not necessarily the case. We found little variability in nerve area, which spanned a narrow range of 0.07 to 0.11 mm 2 for individual nerves, with no systematic difference between age groups (P ϭ 0.08). Accordingly, the distribution of total axon number by age in Figure 6A follows the trend for axon density in Figure 5A : There are fewer total axons in the old high-IOP nerves than in the old low-IOP nerves (P ϭ 0.04), whereas the young high-IOP nerves had fewer axons than the old low-IOP nerves (P ϭ 0.02). Plotting total axon number against mean lifetime IOP (Fig. 6B) shows that mean lifetime IOP is also a good predictor of total axon number (r 2 ϭ Ϫ0.53, P ϭ 0.003). As with axon density, the young high-IOP nerves have a number of axons similar to that of the old high-IOP nerves (P ϭ 0.52), owing to their similar IOP. Thus, for both axon density (Fig. 5B) and number (Fig. 6B) , mean IOP is a strong predictive factor. This is reflected in the positive correlation between axon total and axon density in Figure 6C (r 2 ϭ 0.60, P Ͻ Ͻ 0.001). Figure 6C includes additional data from the young normal group (Table 1) . The mean axon density for these four eyes was 5.5 Ϯ 0.2 ϫ 10 5 axons/mm 2 , which is statistically different from the mean for the two eyes from the young high-IOP group (P ϭ 0.005). Similarly, the total number of axons in the nerves from the young normal group is approximately 25% more (4.06 vs. 3.1 ϫ 10 4 axons; P ϭ 0.008) than the number in the young high-IOP nerves. (Fig. 7A) . In contrast to the healthy young normal thin cornea was the grossly thickened cornea (115 Ϯ 1.0 m thick) from a young high-IOP mouse (mean IOP: 19.62 Ϯ 1.06 mm Hg; Fig. 7B ). In an old low-IOP DBA/2 mouse (mean IOP: 19.0 Ϯ 0.7 mm Hg), the cornea was slightly thicker (57.5 Ϯ 2.4 m; Fig. 7C ) than the young normal cornea in Figure 7A . There are also signs of iris dispersion contributing to what we interpret as modest angle closure. Finally, for an old high-IOP animal with a lifetime average IOP well above the colony mean for that age (26.7 Ϯ 0.3 mm Hg), the cornea is much thicker (93.1 Ϯ 1.9 m; Fig. 7D ). Accompanying the higher pressures in this animal is a severely atrophied iris that effectively closes the iridocorneal angle. Figure 7E illustrates the mean corneal thickness for the mice in Table 1 whose IOPs were measured. This graph reinforces the point that it is not necessarily age that determines corneal thickness. The mean corneal thickness in the old high-IOP animals was similar to that in the young high-IOP eyes (P ϭ 0.11)-both roughly 110 m. In stark contrast, the corneas of the old low-IOP mice were more than 35% thinner than those of the old high-IOP eyes, a significant difference (P ϭ 0.005) despite the proximity in age between these groups. Similarly, the difference between the young high-IOP and old low-IOP corneas is also significant (P ϭ 0.006). Again, the corneal thickness differences correlate with differences in mean IOP Figure 7F demonstrates that corneal thickness-as with axon density and axon total (Figs.5B, 6B)-tended to increase with increasing mean lifetime IOP (r 2 ϭ 0.61, P ϭ 0.04). The similarly thick corneas in young and old high-IOP eyes accompanies their similar IOPs, whereas the old low-IOP eyes cluster near the thin-cornea/low-IOP portion of the scatterplot (Fig. 7F) .
Pressure and Corneal Thickness
Corneal Damage in the DBA/2 Mouse
Mindful of our own and others' observations regarding corneal calcification on DBA/2 eyes, 9 it was important to know whether applanation tonometry with the Tono-Pen (Medtronic Solan) damages the cornea in any way or could be causal in the corneal thickening observed in DBA/2 eyes. Using eyes from mice representing a range of ages that had never been measured with the tonometer, we observed no qualitative difference in the appearance or extent of corneal occlusions when compared with mice that had monthly tonometer measurements (Fig. 8A-D) . In some cases, (e.g., the 11-month DBA/2 in Fig. 8D ) mice that had never experienced applanation tonometry had more severe corneal abnormalities than mice with 8 months of IOP readings (13-month DBA/2 in Fig. 8C ), including severe neovascularization. It is possible the Tono-Pen may exacerbate the corneal changes, but evidence indicates that corneal thickening is part of the normal aging process in the DBA/2 mouse. Figure 8C documents the iris atrophy and pigment dispersion phenotype, typical of DBA/2 anterior chamber changes (note the thinned, nonpigmented iris).
Corneal Thickness as a Predictor of Axonal Density
Measurements of corneal thickness in Figure 7F demonstrate a positive correlation with mean IOP. That axon density decreases with increasing mean IOP (Figs. 5B) suggests that increasing corneal thickness ought to predict fewer axons. Indeed, the scatterplot in Figure 9 indicates that axonal density declined dramatically with increasing corneal thickness, with a strong negative correlation (r 2 ϭ Ϫ0.75, P Ͻ Ͻ 0.001). Comparing Figure 9 with Figure 7F , in which corneal thickness is plotted against mean lifetime IOP, shows that reduced axon density and thickening of the cornea are both associated with higher IOP. For example, old high-IOP eyes demonstrated the fewest axons and thickest corneas, corresponding to their higher mean IOPs (Fig. 2B) . The old low-IOP eyes had thinner corneas and correspondingly higher axonal density. Additional data from the young normal eyes (Table 1) are also included in this plot (Fig. 9) . These eyes differed from the young high-IOP eyes, in that their corneas were significantly thinner (66.2 Ϯ 6.8 m vs. 111.4 Ϯ 4.7 m; P ϭ 0.01). Of interest is the statistical similarity in both axonal density (P ϭ 0.92) and corneal thickness (P ϭ 0.81) between the young normal and old low-IOP eyes. Our study is the first in which IOP has been monitored longitudinally and correlated with multiple histopathological features in the DBA/2 mouse. The longitudinal data show an increase in IOP between two and 10 months of age that is approximately linear (slope ϭ 0.9 mm Hg/mo; Fig. 2 ). These data are the best-defined IOP change reported in a large population of DBA/2 mice and also describe the earliest reported significant increase in IOP in this particular glaucoma model. We found the earliest colony average IOP to be 15 to 16 mm Hg at 2 months of age, increasing to approximately 19 mm Hg at 6 months. By 8 months, colony average IOP rose to 21 mm Hg and peaked at almost 23 mm Hg at 10 months. However, contrary to a previous study, 9 we did not observe a gender difference in IOP.
The Tono-Pen XL tonometer (Medtronic Solan) was designed for measuring human IOP, but it has been shown to be an effective, efficient method to obtain IOP in rodents. 20, 15 The Tono-Pen was the only noninvasive method of IOP measurement available at the time these studies were initiated. As reported earlier 15 (Inman DM et al., manuscript submitted), we found that multiple averaged measurements allowed a degree of confidence in the obtained IOP. The Tono-Pen is effective at registering drug-induced decreases or increases in IOP (Inman DM et al., manuscript submitted), an observation that also confirmed its practicality for measuring mouse IOP. IOP as measured by Tono-Pen in normal C57Bl/6 mice averaged 12.36 Ϯ 0.32 mm Hg. 15 Many mouse studies in which IOP was measured with methods other than the Tono-Pen have been published. A servo-null micropipette system found IOP in black Swiss outbred mice to be 17.8 Ϯ 0.4 mm Hg. 21 Rebound tonometry in C57Bl/6 mice found an average IOP of 9.8 Ϯ 3.9 mm Hg, 22 and the Goldmann applanation tonometer, when applied to C57Bl/6 mouse eyes, averaged 13.7 Ϯ 3.2 mm Hg. 23 The range of IOP in C57Bl/6 mice across these various methods is 9.8 to 17.8 mm Hg, and the value obtained using the TonoPen was 12.4 mm Hg, 15 placing the Tono-Pen squarely within the range of these other methods.
A thorough survey of IOP in several mouse strains using a direct cannulation method found an almost two-fold range in normal IOP, including 3-to 4-month-old DBA/2 mice with an average IOP of 11.697 Ϯ 0.022 mm Hg. 24 A separate study of the iris pigment dispersion and iris atrophy phenotype in the DBA/2 monitored IOP at 3, 6, 9, and 19 months of age. 9 The IOP at 3 months averaged ϳ12 mm Hg, but a gender difference became apparent by 6 months of age, with male IOP at 9.4 Ϯ 0.4 mm Hg and female IOP at 13 Ϯ 0.9 mm Hg. By nine months, male IOP was 16.2 Ϯ 1.4 mm Hg and female IOP was 20.3 Ϯ 1.8 mm Hg. 9 Our IOPs were from 1 to 6 mm Hg higher at each age point in comparison to the other report of DBA/2 IOP. 9 The consistency of our data across a large number of animals reveals that the Tono-Pen is precise, but not necessarily accurate.
Elsewhere, we have compared our tonometer measurements with IOP established invasively by cannulation (Inman DM, et al., manuscript submitted). These data indicate a high correlation between the Tono-Pen and cannulation (r ϭ 0.80, P Ͻ 0.001). Reitsamer et al. 15 compared IOP in mice by using the Tono-Pen and the servo-null micropipette and found no difference between the two methods. In addition, a strong correlation (r ϭ 0.97) between the Tono-Pen and cannulationdetermined IOP was found in eyes with pressure that was step raised by changing the height of a saline reservoir connected by cannula to the posterior chamber. 15 The data in this study document an almost 7-mm Hg increase in IOP from 2 to 10 months for the colony (Fig. 2A) , a seemingly modest change, but one that is highly significant because of the volume of data.
Elevations in IOP as a Predictor of Axonal Loss in DBA/2
Our studies demonstrate that the Tono-Pen successfully detects IOP change within individual animals and that these readings correlate strongly with optic nerve pathology (Figs.  5-7) . The Tono-Pen allowed us to monitor change in IOP, especially through its ability to reveal significant increases in colony average IOP from month to month (Figs. 2, 3) . Moreover, chronic increases in IOP of 5 to 6 mm Hg are sufficient to induce significant reduction in the number of axons (Figs. 5B,  6B) . Each of the histopathological changes observed in optic nerve reinforced the observation that differences in mean lifetime IOP are a critical determinant for disease. For example, both axon density and number were significantly different between groups of old mice with significantly different mean lifetime IOP (Figs.5B, 6B ). Whereas chronic IOP elevation led to loss of myelinated axons, as evidenced by the old high-IOP DBA/2 animals with greater than 50% axon loss in the optic nerve (Fig. 5) , analysis of two young high-IOP animals (Fig. 2B) helped demonstrate that mean lifetime IOP is a better predictor of axonal disease than age (Figs. 5B, 6B) . Thus, a 4-month DBA/2 mouse with high IOP can exhibit axonal disease to the same degree as a 10-month DBA/2. Our analysis indicates that even within the old low-IOP and old high-IOP groups, modest increases in mean lifetime IOP can lead to significant decreases in axon density and number (Figs. 5B, 6B) .
Our axon number calculations corroborate findings of Jeon et al., 25 who observed an average of 4.44 ϫ 10 4 axons in the In an acute mouse model of glaucoma in which the limbus was laser photocoagulated, the number of optic nerve axons in control animals was in the range of 5.7 ϫ 10 4 axons, while mice with raised IOP (44% greater than control for an average of 7 weeks) had greater than a 50% decrease in the number of axons. 27 We observed up to a 50% loss of myelinated axons in old high-IOP DBA/2 mice with chronically elevated IOP compared with old low-IOP mice (Figs. 5B, 6B ). This finding echoes the magnitude of change in axon density in the acute laser coagulation study 27 and confirms the negative effect chronic IOP elevation has on axon survival in the optic nerve.
Although there can be considerable individual variation, IOP increases with age in most DBA/2 mice (Fig. 3) . However, axon counts allowed us to observe that age-related increases in IOP do not wholly dictate nerve disease. Young high-IOP mice could have fewer axons in optic nerve than old low-IOP DBA/2 mice (Figs. 5, 6 ). One explanation is that the younger mouse with increased IOP and significant axon loss experienced the equivalent of chronically elevated IOP by having a shorter but more dramatic increase. Along these lines, acute models of glaucoma in which IOP can be manipulated precisely have used the "IOP integral," a measure that is calculated by taking the integral of IOP over time, with pressure exposure expressed as mm Hg-days. 28 The IOP integral correlates well with axon loss and also describes a damage threshold (200 mm Hg-days) beyond which axon loss is very rapid in the earliest interval of exposure to high IOP. 28 In these models, optic nerve axon loss is related to both the magnitude and duration of IOP elevation. 28, 29 In a rat acute glaucoma model, a 10-mm Hg increase in IOP for 11 days led to axonal degeneration in 10% of the optic nerve. If the IOP increase went as high as 28 mm Hg over 11 days, degenerated axons were found in 100% of the optic nerve. 29 The DBA/2 model has relatively low IOP elevation, but for older mice, the duration is significant. We must note that our IOP measurements for the animals compared histologically were not sufficiently frequent to calculate a meaningful IOP integral (Table 1 ). We did not assess regional loss of axons, though acute models of glaucoma in the rat 29 and mouse 27 demonstrate that axon loss occurred preferentially in the superior half of the optic nerve, a pattern of loss also recorded in humans. 30 -32 Observing that a young DBA/2 mouse with high IOP can exhibit advanced optic neuropathy reinforces the necessity of determining the earliest glaucoma-related changes, to elucidate the disease mechanism. This determination is particularly necessary for the DBA/2 model, in which onset of disease is variable. This variability of onset is unlike acute models of glaucoma, but is akin to the variable onset in the human population.
Cornea Thickness as a Predictor of Axon Density
We observed that increased corneal thickness also depended on mean lifetime IOP (Fig. 7F) . Thus, the old low-IOP animals had thinner corneas than did either the old or young high-IOP animals. Surprisingly, corneal thickness predicted axonal loss in the DBA/2 mouse: Thicker corneas correlated with lower axon density (Fig. 9) . Even within an age group, small differences in corneal thickness correlated with differences in axon density. The scatterplot showing axon density by corneal thickness showed data from young normal mice ( Table 1 ) that fell along the regression line, but for which no IOP data had been obtained. These eyes had both higher axon density and number than the two young high-IOP eyes in Figure 2B . The corneas of these young normal eyes were also interspersed among the thinnest from our study (Fig. 9) , comparable to those of the old low-IOP eyes (Fig. 2B) .
These data suggest that the relationship between corneal thickness and retinal health in the DBA/2 mouse was very different from the observations regarding corneal thickness and glaucoma in the human. Observations from patient data suggest that thick corneas would correlate with axon preservation, not axon loss, because a subgroup of patients with POAG who had thicker corneas had better vision, better cupto-disc ratio, and used fewer medications to control their glaucoma than POAG patients with thinner corneas. 6 Thin corneas in patients with POAG also correlate with greater visual field loss. 7, 33 Unfortunately, the histologic processes underlying the observed increases in corneal thickness are beyond the scope of the present paper. To our knowledge, a similar study of corneal thickness and axon density has not been undertaken in humans, because it would require postmortem comparisons of anterior chamber and optic nerve, probably well after the degeneration of the optic nerve had any meaningful variation. An indirect indication of axon number (nerve fiber layer thickness) measured in healthy subjects showed no correlation with central corneal thickness, 34 but patients with ocular hypertension and thin corneas had significantly thinner retinal nerve fiber layers. 35 A different picture of the significance of central cornea thickness emerges when one considers patients with PACG. In these patients, the greatest corneal thickness is found in cases of acute glaucoma characterized by (among other FIGURE 9. Scatterplot demonstrating that corneal thickness is a good predictor of axonal density for the three age groups analyzed in our study (r 2 ϭ Ϫ0.75, P Ͻ Ͻ 0.001). Circled asterisks: Data from the 4-month-old nondiseased eyes in Table 1 . 8 a condition some believe can exacerbate corneal edema. Endothelial cell density has not been studied in the DBA/2, but corneal edema is likely to be significant in these mice, given the incidence of corneal occlusions, ulceration, 9,11 and inflammation. 10 The intriguing relationship between corneal changes and axon loss in the DBA/2 optic nerve requires additional study.
There are numerous advantages to an acute model, not least of which is the control over timing and severity of injury parameters. The DBA/2 is a model in which chronic IOP elevation more closely resembles the human condition, a situation that may be beneficial for examining subtle modifiers of glaucoma development. From our initial examination of this model, we have determined that DBA/2 mice undergo a significant increase in IOP beginning as early as 2 months (Figs. 2A,  3A) . Mean IOP over time strongly predicts axonal loss in the optic nerve. Our data demonstrate that noninvasive measurement of IOP in the DBA/2 mouse can be used for positive discrimination between mice with ongoing axonal disease and their healthy litter mates. These methods could be important for optimizing future studies of disease or therapeutic intervention in the DBA/2 mouse. A good example of this optimization is the IOP-based selection of DBA/2 mice that was undertaken for the whole-retina microarray study accompanying this report. 36 In that study, mice were selected at various ages based on similar IOP measurements. The resultant microarray data had so little variability across samples that, in a 40,000-gene array, expression of only 68 genes was modulated. Selecting mice based on IOP probably influenced the signal uniformity across samples.
